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u  The	  prevailing	  paradigm:	  	  

The	  Standard	  Model	  
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The	  Standard	  Model	  
u  Experimental	  observaIons	  described	  extremely	  well	  
by	  the	  Standard	  Model	  
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ALEPH,	  DELPHI,	  L3,	  OPAL,	  SLD,	  hep-‐ex/0509008	  



The	  Standard	  Model	  
u  Including	  many,	  many	  LHC	  
measurements…	  

4/1/14	   Keith	  Ulmer	  -‐	  University	  of	  Colorado	   4	  

) (pb)t(tσ

0 50 100 150 200 250 300
-0.7

5.8

+jetsτCMS   3± 32 ± 12 ±152 
arXiv:1301.5755 (L=3.9/fb)  lumi.)± syst. ± stat. ±(val. 

)τµ,τCMS dilepton (e   3± 22 ± 14 ±143 
Phys. Rev. D 85 (2012) 112007  lumi.)± syst. ± stat. ±(val. 
(L=2.2/fb)

CMS all-hadronic   3± 26 ± 10 ±139 
arXiv:1302.0508 (L=3.5/fb)  lumi.)± syst. ± stat. ±(val. 

)µ,eµµCMS dilepton (ee,   4±  5 ±  2 ±162 
JHEP 11 (2012) 067 (L=2.3/fb)  lumi.)± syst. ± stat. ±(val. 

+jetsµCMS e/   4± 10 ±  2 ±158 
Phys. Lett. B 720 (2013) 83  lumi.)± syst. ± stat. ±(val. 
(L=2.2-2.3/fb)

 = 7 TeVsCMS Preliminary, 

NNLO+NNLL QCD, Czakon et al., arXiv:1303.6254

NLO QCD

b]µB Hadron Production Cross Section [
0 50-0.25

4.8

 Xφ ψ J/→ X s B→pp  0.3± 0.7  ± 0.4 ±6.9 
<50 GeV, |y|<2.4 (x1000)

T
8<p )-1(40 pb

 X0 B→pp  3.6± 3.1  ± 2.5 ±33.3 
>5 GeV, |y|<2.2TP )-1(40 pb

 X+ B→pp  3.1± 2.0  ± 2.4 ±28.1 
>5 GeV, |y|<2.4TP )-1( 6 pb

 XΛ ψ J/→ X b Λ →pp  2.0± 1.2  ± 0.6 ±11.6 
>10 GeV, |y|<2.0 (x10000)TP )-1(1900 pb

=7 TeV                        Spring 2012sCMS Preliminary, 
 lum. error± syst. ± stat. ±value 

(luminosity)

Theory: MC@NLO / POWHEG
=4.75 GeVb, m1/2)2

T
+p2

b
=(mµCTEQ6M PDF, 



Evidence	  for	  New	  Physics	  
u  While	  accurate,	  the	  Standard	  Model	  can’t	  

be	  complete	  
u  No	  explanaIon	  for	  dark	  maYer	  
u  No	  explanaIon	  for	  dark	  energy	  
u  Not	  enough	  CP-‐violaIon	  to	  describe	  

maYer/anI-‐maYer	  asymmetry	  in	  the	  
universe	  

u  Does	  not	  include	  gravity	  
u  The	  Standard	  Model	  also	  leaves	  interesIng	  

quesIons	  unanswered	  
u  Why	  3	  generaIons?	  
u  Hierarchy	  Problem:	  why	  is	  gravity	  so	  

much	  weaker	  than	  SM	  forces?	  

4/1/14	   Keith	  Ulmer	  -‐	  University	  of	  Colorado	   5	  

NASA/CXC/CfA/M.Markevitch	  et	  al.;	  NASA/STScI;	  
ESO	  WFI,	  Magellan/U.Arizona/	  D.Clowe	  et	  al.	  



Why	  use	  the	  LHC?	  
u  Energy	  fronIer	  offers	  access	  to	  direct	  

producIon	  of	  new	  parIcles	  
u  2015:	  8	  TeV	  à	  13	  TeV	  	  

u  Complementary	  to	  lower	  energy	  
measurements	  
u  Neutrino:	  sin2(2θ13),	  CP-‐violaIon	  in	  lepton	  

sector,	  …	  
u  Precision:	  g-‐2,	  μàe,	  super	  B-‐factory,	  …	  
u  Direct	  dark	  maYer	  
u  Cosmology:	  CMB,	  BAO,	  SNe	  …	  

u  Many	  other	  LHC	  applicaIons	  beyond	  high	  
mass	  searches,	  too	  
u  Top	  factory	  
u  Precision	  EW	  and	  jet	  cross	  secIons	  
u  Flavor	  physics	  
u  Rare	  branching	  fracIons	  
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Ex:	  	   Higgs	  D
iscovery

!	  



The	  LHC	  
u  df	  
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CMS	  detector	  
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CMS	  (in	  acIon!)	  
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-‐	  Final	  state	  quarks/gluons	  detected	  in	  collimated	  hadrons,	  called	  “jets”	  
-‐	  Missing	  energy	  (MET)	  measured	  from	  transverse	  imbalance	  of	  energy	  



ParIcle	  flow	  
u  Use	  full	  detector	  informaIon	  to	  idenIfy	  all	  stable	  parIcles	  
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PFT-‐10-‐002	  

Florian	  BeaudeYe	  

u  Cluster	  jets	  from	  PF	  parIcles,	  not	  just	  
calorimeter	  deposits	  

u  Improves	  jet	  energy	  resoluIon,	  angular	  
resoluIon,	  isolaIon,	  and	  MET	  resoluIon	  

u  Also	  helps	  deal	  with	  pileup	  by	  associaIng	  
charged	  hadron	  energy	  to	  different	  verIces	  



Beyond	  the	  Standard	  Model	  
u  Many	  BSM	  models	  proposed	  over	  the	  years:	  Supersymmetry,	  extra	  

dimensions,	  liYle	  Higgs,	  technicolor,	  ….	  
u  SUSY	  remains	  among	  the	  most	  popular	  	  

	  (even	  aler	  decades	  of	  null	  results…)	  
u  Fermion/boson	  symmetry	  with	  superpartner	  of	  different	  spin	  for	  each	  

SM	  parIcle	  
u  A	  rich	  new	  phenomenology	  to	  explore	  
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* 

* Search for ~all of these, produced 

either directly or in cascades 
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The	  appeal	  of	  supersymmetry	  

u  SoluIon	  to	  Hierarchy	  Problem	  
u  Extreme	  fine	  tuning	  

needed	  to	  keep	  SM	  valid	  
all	  the	  way	  up	  to	  ΛUV	  =	  
Planck	  scale	  

u  SUSY	  gives	  natural	  
cancelaIon	  of	  
quadraIcally	  divergent	  
Higgs	  mass	  terms	  

u  Dark	  maYer	  candidate	  
u  Lightest	  SUSY	  parIcle	  

stable(with	  R-‐parity	  
conservaIon)	  

u  Gauge	  coupling	  unificaIon	  
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“We are, I think, in the right Road of Improvement, for we are making Experiments.”
–Benjamin Franklin

1 Introduction

The Standard Model of high-energy physics, augmented by neutrino masses, provides a remarkably
successful description of presently known phenomena. The experimental frontier has advanced into the
TeV range with no unambiguous hints of additional structure. Still, it seems clear that the Standard
Model is a work in progress and will have to be extended to describe physics at higher energies.
Certainly, a new framework will be required at the reduced Planck scale MP = (8πGNewton)−1/2 =
2.4 × 1018 GeV, where quantum gravitational effects become important. Based only on a proper
respect for the power of Nature to surprise us, it seems nearly as obvious that new physics exists in the
16 orders of magnitude in energy between the presently explored territory near the electroweak scale,
MW , and the Planck scale.

The mere fact that the ratio MP/MW is so huge is already a powerful clue to the character of
physics beyond the Standard Model, because of the infamous “hierarchy problem” [1]. This is not
really a difficulty with the Standard Model itself, but rather a disturbing sensitivity of the Higgs
potential to new physics in almost any imaginable extension of the Standard Model. The electrically
neutral part of the Standard Model Higgs field is a complex scalar H with a classical potential

V = m2
H |H|2 + λ|H|4 . (1.1)

The Standard Model requires a non-vanishing vacuum expectation value (VEV) for H at the minimum

of the potential. This will occur if λ > 0 and m2
H < 0, resulting in 〈H〉 =

√
−m2

H/2λ. Since we

know experimentally that 〈H〉 is approximately 174 GeV, from measurements of the properties of the
weak interactions, it must be that m2

H is very roughly of order −(100 GeV)2. The problem is that m2
H

receives enormous quantum corrections from the virtual effects of every particle that couples, directly
or indirectly, to the Higgs field.

For example, in Figure 1.1a we have a correction to m2
H from a loop containing a Dirac fermion

f with mass mf . If the Higgs field couples to f with a term in the Lagrangian −λfHff , then the
Feynman diagram in Figure 1.1a yields a correction

∆m2
H = − |λf |2

8π2
Λ2
UV + . . . . (1.2)

Here ΛUV is an ultraviolet momentum cutoff used to regulate the loop integral; it should be interpreted
as at least the energy scale at which new physics enters to alter the high-energy behavior of the theory.
The ellipses represent terms proportional to m2

f , which grow at most logarithmically with ΛUV (and
actually differ for the real and imaginary parts of H). Each of the leptons and quarks of the Standard
Model can play the role of f ; for quarks, eq. (1.2) should be multiplied by 3 to account for color. The

H

f

(a)

S

H

(b)

Figure 1.1: One-loop quantum corrections to the Higgs squared mass parameter m2
H , due to (a) a Dirac

fermion f , and (b) a scalar S.
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∆m2
H

= − |λf |2

8π2
Λ2

UV + ...

F

H

F

H

Figure 1.2: Two-loop corrections to the Higgs squared mass parameter involving a heavy fermion F
that couples only indirectly to the Standard Model Higgs through gauge interactions.

largest correction comes when f is the top quark with λf ≈ 1. The problem is that if ΛUV is of order
MP, say, then this quantum correction to m2

H is some 30 orders of magnitude larger than the required
value of m2

H ∼ −(100 GeV)2. This is only directly a problem for corrections to the Higgs scalar boson
squared mass, because quantum corrections to fermion and gauge boson masses do not have the direct
quadratic sensitivity to ΛUV found in eq. (1.2). However, the quarks and leptons and the electroweak
gauge bosons Z0, W± of the Standard Model all obtain masses from 〈H〉, so that the entire mass
spectrum of the Standard Model is directly or indirectly sensitive to the cutoff ΛUV.

One could imagine that the solution is to simply pick a ΛUV that is not too large. But then one
still must concoct some new physics at the scale ΛUV that not only alters the propagators in the loop,
but actually cuts off the loop integral. This is not easy to do in a theory whose Lagrangian does not
contain more than two derivatives, and higher-derivative theories generally suffer from a failure of either
unitarity or causality [2]. In string theories, loop integrals are nevertheless cut off at high Euclidean
momentum p by factors e−p2/Λ2

UV . However, then ΛUV is a string scale that is usually† thought to be
not very far below MP. Furthermore, there are contributions similar to eq. (1.2) from the virtual effects
of any arbitrarily heavy particles that might exist, and these involve the masses of the heavy particles,
not just the cutoff.

For example, suppose there exists a heavy complex scalar particle S with mass mS that couples to
the Higgs with a Lagrangian term −λS |H|2|S|2. Then the Feynman diagram in Figure 1.1b gives a
correction

∆m2
H =

λS

16π2

[
Λ2
UV − 2m2

S ln(ΛUV/mS) + . . .
]
. (1.3)

If one rejects the possibility of a physical interpretation of ΛUV and uses dimensional regularization
on the loop integral instead of a momentum cutoff, then there will be no Λ2

UV piece. However, even
then the term proportional to m2

S cannot be eliminated without the physically unjustifiable tuning of
a counter-term specifically for that purpose. So m2

H is sensitive to the masses of the heaviest particles
that H couples to; if mS is very large, its effects on the Standard Model do not decouple, but instead
make it difficult to understand why m2

H is so small.
This problem arises even if there is no direct coupling between the Standard Model Higgs boson

and the unknown heavy particles. For example, suppose there exists a heavy fermion F that, unlike
the quarks and leptons of the Standard Model, has vector-like quantum numbers and therefore gets a
large mass mF without coupling to the Higgs field. [In other words, an arbitrarily large mass term of
the form mFFF is not forbidden by any symmetry, including weak isospin SU(2)L.] In that case, no
diagram like Figure 1.1a exists for F . Nevertheless there will be a correction to m2

H as long as F shares
some gauge interactions with the Standard Model Higgs field; these may be the familiar electroweak
interactions, or some unknown gauge forces that are broken at a very high energy scale inaccessible to
experiment. In either case, the two-loop Feynman diagrams in Figure 1.2 yield a correction

∆m2
H = CHTF

(
g2

16π2

)2 [
aΛ2

UV + 24m2
F ln(ΛUV/mF ) + . . .

]
, (1.4)

†Some recent attacks on the hierarchy problem, not reviewed here, are based on the proposition that the ultimate
cutoff scale is actually close to the electroweak scale, rather than the apparent Planck scale.
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SUSY ! |λf |2 = λS

∆m2
H

=
λS

8π2
Λ2

UV + ...(!t )

(t)

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ε. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ε, but can be multiplied by factors
up to 1/εn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ε dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than

61

Martin, arXiv:hep-ph/9709356

problemaIc	  

unless	  canceled	  



Status	  of	  SUSY	  searches	  
u  Many	  searches	  

performed;	  no	  
signals	  observed	  

u  Limits	  on	  SUSY	  
parIcle	  
producIon	  are	  
very	  strong;	  if	  
real,	  SUSY	  must	  
be	  “broken”	  

	  
u  Many	  previously	  

popular	  models	  
under	  serious	  
pressure	  
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squark	  mass	  >	  1.6	  TeV!	  



ConfronIng	  naturalness	  
u  Higgs	  discovery	  =	  hierarchy	  problem	  
u  SUSY’s	  main	  appeal	  is	  a	  natural	  soluIon	  

(minimal	  fine	  tuning)	  to	  hierarchy	  problem	  
u  Need	  “low	  mass”	  SUSY	  for	  cancelaIon	  

of	  divergent	  Higgs	  mass	  terms	  
u  Hence	  “just	  around	  the	  corner…”	  

u  Minimal	  natural	  requirements	  
u  Some	  sparIcles	  are	  more	  important	  

than	  others	  for	  naturalness	  
u  EssenIal	  to	  have	  a	  light	  stop	  to	  cancel	  

top	  quark	  loop	  
u  Brings	  along	  a	  light-‐ish	  gluino	  by	  1	  
loop	  contribuIon	  

u  Light	  Higgsinos	  because	  mass	  terms	  
coupled	  to	  Higgs	  mass	  (μ)	  
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Searching	  for	  natural	  SUSY	  

u  Describe	  two	  complementary	  natural	  SUSY	  searches	  
	  
u  An	  inclusive	  search:	  

u  Broad	  signature	  space	  with	  Jets	  +	  missing	  energy	  
u  SensiIve	  to	  many	  gluino	  and	  3rd	  generaIon	  squark	  decays	  

u  An	  exclusive	  search:	  
u  Target	  a	  specific,	  challenging	  decay	  
u  This	  example:	  Higgsinos	  in	  decays	  to	  Hàbb	  +	  LSP	  

u  This	  approach	  models	  the	  broader	  SUSY	  search	  strategy	  

4/1/14	   Keith	  Ulmer	  -‐	  University	  of	  Colorado	   16	  



Inclusive	  SUSY	  search	  
u  SUSY	  can	  produce	  rich,	  varied	  

spectra	  
u  Must	  keep	  our	  eyes	  wide	  open!	  

u  Inclusive	  search	  to	  cover	  broad	  
range	  of	  possible	  signatures	  

u  Goal	  is	  to	  discover:	  Robust	  
background	  strategy	  

u  Strong	  SUSY	  producIon	  
u  Highest	  cross	  secIons	  for	  gluinos	  

and	  squarks	  
u  Colored	  sparIcles	  leave	  jets	  in	  

their	  decays	  
u  A	  stable	  LSP	  carries	  away	  missing	  

energy	  
u  Naturalness	  suggests	  3rd	  generaIon	  

squarks	  are	  abundant	  
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Inclusive	  selecIon	  

u  Search	  requires	  
u  ≥	  3	  jets	  
u  ≥	  1	  b-‐jet	  (nB)	  
u  Σ	  (jet	  pT)	  ≥	  400	  GeV	  (HT)	  
u  Transverse	  missing	  

energy	  ≥	  125	  GeV	  (MET)	  
u  No	  isolated,	  charged	  

lepton	  in	  event	  
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Search	  fit	  
u  Perform	  analysis	  with	  

simultaneous	  fit	  in	  3-‐D	  to	  HT,	  	  
MET,	  and	  number	  of	  b-‐jets	  
u  Background	  shapes	  esImated	  

independently	  of	  signal	  
hypothesis	  

u  SensiIve	  to	  many	  different	  
signal	  shapes	  within	  one	  
search	  
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Backgrounds:	  top	  and	  W±	  

u  Main	  background	  from	  Y	  
u  Real	  b-‐jets	  
u  Real	  missing	  energy	  from	  a	  semi-‐

leptonic	  top	  decay	  
u  AddiIonal	  real	  jets	  from	  a	  

hadronic	  top	  decay	  
u  Mostly	  rejected	  with	  lepton	  veto	  
u  Measure	  remaining	  contribuIon	  with	  

robust	  approach	  based	  on	  data	  
u  Use	  data	  single	  lepton	  control	  

sample	  to	  determine	  (nB,HT,MET)	  
shape	  of	  background	  

u  With	  shape	  fixed	  within	  
uncertainIes,	  float	  normalizaIon	  
in	  signal	  fit	  
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Backgrounds:	  Zàνν	  +	  jets	  
u  Zàνν	  +	  (b)-‐jets	  is	  an	  irreducible	  background	  

u  Real	  MET	  from	  Zàνν	  
u  Suppressed	  by	  nJet,	  nB,	  and	  HT	  requirements	  
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u  Measure	  remaining	  contribuIon	  
with	  Zàl+l−	  events	  
u  Treat	  Z	  pT	  as	  MET	  to	  simulate	  

invisible	  decay	  
u  Reconstruct	  Zàμ+μ−	  and	  Zàe+e−	  

events	  in	  data	  to	  measure	  
background	  

u  Factorize	  dependence	  on	  HT/MET	  
and	  nB	  to	  gain	  back	  staIsIcs	  

N(Z!!! ) = N(Z! l+l" ) #R / eff .
R $ Br(Z!!! ) / Br(Z! l+l" ) % 3



Backgrounds:	  Others	  
u  MulI-‐jet	  events	  (“QCD”)	  

u  Missing	  energy	  faked	  by	  wrongly	  
measured	  jet	  momentum	  

u  Remove	  events	  with	  MET	  in	  same	  
direcIon	  as	  a	  jet	  

u  Measure	  remaining	  contribuIon	  in	  
data	  

u  SimulaIon	  used	  for	  other	  very	  small	  
contribuIons	  
u  Diboson,	  YH,	  etc.	  (~1%	  of	  background)	  

u  Total	  background	  uncertainty	  dominated	  
by	  staIsIcal	  uncertainty	  in	  1	  lepton	  
control	  sample	  for	  top+W	  background	  
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Inclusive	  search	  results	  

u  Observed	  data	  
consistent	  with	  
measured	  SM	  
backgrounds	  

u  Most	  sensiIve	  search	  
bins	  shown	  in	  plots	  

u  Use	  results	  to	  set	  
stringent	  limits	  on	  
contribuIon	  from	  new	  
physics	  
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u  Use	  simplified	  model	  approach	  to	  characterize	  sensiIvity	  
u  Assume	  only	  a	  minimal	  spectrum	  and	  decouple	  the	  rest	  of	  SUSY	  
u  Set	  cross	  secIon	  limits	  on	  specific	  processes	  

	  
u  Best	  published	  gluino-‐mediated	  

	  sboYom	  producIon	  limits	  from	  LHC!	  
u  Challenging	  naturalness	  requirements	  

Inclusive	  search	  interpretaIon	  
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Dedicated	  SUSY	  searches	  
u  Inclusive	  searches	  broadly	  cover	  lots	  of	  phase	  space	  
u  For	  specific,	  well	  moIvated	  decays,	  we	  can	  do	  beYer	  
u  With	  more	  data,	  rarer	  processes	  become	  accessible	  

u  Soler	  decay	  products	  
u  More	  difficult	  signatures	  
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Direct	  stop	  producIon	  
	  -‐top	  tagging	  
	  -‐MulIvariate	  techniques	  

Electroweak	  SUSY	  producIon	  
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Dedicated	  Higgsino	  search	  
u  Target	  specific	  all	  hadronic	  final	  state:	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	   	   	   	   	   	  	  	  	  2	  Hàbb	  +	  MET	  
u  Highly	  opImized	  selecIon	  

u  4-‐5	  jets	  
u  2	  with	  pT	  >	  50	  GeV,	  rest	  with	  	  	  	  
pT	  >	  20	  GeV	  

u  4	  b-‐tagged	  jets	  
u  2	  H(bb)	  candidates	  

u  Of	  4	  b-‐jets,	  select	  pairs	  with	  
smallest	  mjj	  difference	  

u  Select	  events	  with	  average	  mjj	  
near	  Higgs	  mass	  

u  Missing	  energy	  
u  No	  isolated,	  charged	  leptons	  
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CMS-‐SUS-‐13-‐022	  (New!)	  
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Angular	  selecIon	  
u  Separate	  signal	  from	  main	  semi-‐leptonic	  Y	  

background	  with	  angular	  informaIon	  
u  Both	  HH	  and	  Y	  generally	  produced	  back-‐to-‐back	  

u  Jet	  pairs	  from	  signal	  are	  close	  together	  
u  One	  jet	  pair	  from	  Y	  will	  have	  large	  opening	  angle	  	  
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Signal	  event	  

Semi-‐leptonic	  Y	  event	  
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Nathan	  Mirman	  

u  Fake	  MET	  can	  arise	  from	  energy	  
measurement	  resoluIon	  

u  Use	  parIcle-‐by-‐parIcle	  energy	  
resoluIon	  to	  compute	  
uncertainty	  on	  MET	  

u  Define	  MET	  significance	  as	  
likelihood	  raIo	  of	  observed	  MET	  
and	  null	  hypothesis	  MET	  
u  Small	  values	  are	  likely	  to	  be	  

fake	  MET	  
u  Improvement	  in	  fake	  MET	  

rejecIon	  by	  ~4x	  

JINST	  6,	  09001	  (2011)	  



Higgsino	  search	  results	  
u  Apply	  data-‐driven	  predicIon	  of	  SM	  contribuIon	  to	  the	  signal	  region	  

u  Measure	  all	  backgrounds	  together	  (almost	  enIrely	  Y)	  
u  Exploit	  lack	  of	  correlaIon	  between	  number	  of	  b-‐tags	  and	  di-‐Higgs	  

mass	  selecIon	  for	  “ABCD”	  method	  predicIon	  
u  Full	  result	  from	  simultaneous	  likelihood	  fit	  to	  	  

u  nB	  =	  2,	  3,	  and	  4	  regions	  
u  4	  MET	  significance	  bins	  

u  No	  significant	  excess	  observed	  over	  data,	  though	  some	  hint…	  
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Higgsino	  interpretaIon	  
u  Interpret	  as	  Higgsino	  producIon	  with	  100%	  BF	  to	  H+LSP	  
u  Reference	  cross	  secIon	  is	  a	  GMSB	  model	  with	  

u  ~massless	  GraviIno	  LSP	  
u  Nearly	  degenerate	  Higgsinos	  as	  only	  other	  SUSY	  parIcles	  

u  Just	  on	  the	  edge	  of	  sensiIvity	  with	  2012	  data	  
u  First	  search	  of	  its	  kind!	  
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CMS-‐SUS-‐13-‐022	  
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What’s	  next?	  

u  Most	  8	  TeV	  searches	  are	  
now	  complete	  (or	  close)	  

u  No	  new	  data	  for	  awhile,	  so	  
a	  chance	  to	  organize	  where	  
we	  are	  

u  Projects	  for	  2014	  include	  
u  Take	  stock	  of	  what	  

we’ve	  learned,	  and	  
what’s	  sIll	  to	  cover	  

u  Prepare	  for	  2015	  
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm⋅-(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
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CombinaIon	  of	  mulIple	  searches	  
u  Searches	  organized	  along	  

topological	  lines	  
u  Mutually	  exclusive	  final	  states	  

are	  complementary	  
u  For	  some	  signatures,	  mulIple	  

final	  states	  can	  be	  combined	  
u  Ex.	  gluino-‐mediated	  stop	  

producIon	  with	  0,1,2,3,4	  
charged	  leptons	  

u  Extends	  the	  individual	  
limits	  for	  now	  

u  When	  a	  discovery	  starts	  to	  pop	  
up,	  will	  be	  essenIal	  to	  
corroborate	  in	  mulIple	  
channels	  
u  Establish	  technological	  

feasibility	  of	  combinaIons	  
now	  

u  Can	  also	  be	  done	  for	  direct	  
stop,	  EWino,	  etc.	  
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Toward	  model	  independent	  results	  
u  Simplified	  models	  give	  a	  nice	  picture,	  but	  it’s	  inherently	  incomplete	  
u  Can	  we	  sItch	  together	  different	  results	  for	  a	  more	  model	  independent	  picture?	  

u  Ex.	  In	  gluino	  vs	  LSP	  plane,	  what	  conclusions	  can	  we	  draw	  for	  natural	  
models?	  

u  Have	  results	  for	  gluino	  à	  b,b,LSP	  with	  100%	  BF	  and	  gluinoàt,t,LSP	  with	  100%	  
BF,	  but	  what	  about	  mixed	  cases?	  Or	  gluinoàt,b,LSP?	  

u  Ignores	  some	  clear	  caveats	  (ex.	  other	  EW	  states,	  on	  shell	  stops	  and	  sboYoms)	  
u  Moving	  in	  a	  more	  universal	  direcIon	  to	  give	  clearer	  picture	  of	  where	  we	  are	  

with	  all	  searches	  combined	  
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Outlook	  for	  2015	  
u  A	  very	  exciIng	  Ime:	  Last	  major	  LHC	  energy	  increase	  in	  2015	  

u  Likely	  8à13	  TeV	  in	  √s	  
u  Some	  Ime	  now	  to	  prepare	  (and	  think!)	  

u  First	  opportuniIes	  for	  early	  searches	  with	  high	  mass	  due	  to	  large	  cross	  secIon	  
increase	  
u  New	  wave	  of	  inclusive	  searches	  first—new	  territory	  with	  ~1	  �-‐1	  

u  Then	  new	  ground	  on	  targeted	  searches	  
u  Stops	  with	  ~5	  �-‐1	  

u  EW	  producIon	  with	  ~10	  �-‐1	  
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Signal	  
cross	  sec-on	  
comparison	  (1)	  

8	  TeV	   14	  TeV	   14	  TeV/
8	  TeV	  

gluino	  1.5	  TeV	   0.34	   19.50	   57	  

gluino	  2.0	  TeV	   0.006	   1.50	   250	  

stop	  600	  GeV	  	   23.5	   222.0	   9	  

stop	  1.0	  TeV	   0.4	   8.3	   21	  

χ+χ0	  400	  GeV	   36	   130	   4	  

χ+χ0	  800	  GeV	   0.65	   5.53	   9	  

SM	  
cross	  sec-on	  
comparison	  (pb)	  

8	  TeV	   14	  TeV	   14	  TeV/
8	  TeV	  

Ybar	   249	   965	   4	  

W+bb	   43.4	   84.9	   2	  

WW	   56	   121	   2	  



PreparaIons	  for	  2015:	  Triggers	  
u  Significant	  challenges	  in	  going	  from	  8	  à	  13	  TeV	  

u  Energy	  goes	  up	  by	  ~60%	  
u  Instantaneous	  luminosity	  goes	  up	  by	  ~30%	  
u  Pileup	  profile	  sIll	  TBD	  (possibly	  up	  to	  mean	  ~50)	  

u  First	  challenge	  to	  maintain	  triggers	  for	  search	  program	  
u  Total	  bandwidth	  

u  Total	  8	  TeV	  triggered	  rate	  goes	  up	  factor	  ~4	  
u  To	  avoid	  pure	  threshold	  increases,	  try	  to	  move	  

offline	  selecIon	  to	  trigger	  
u  Timing	  requirements	  

u  AddiIonal	  rate	  must	  be	  absorbed	  in	  ~same	  
Ime	  

u  More	  sophisIcated	  online	  techniques	  must	  be	  
fast	  

u  Pileup	  hurts	  
u  Tracking	  Iming	  grows	  exponenIally	  with	  

occupancy	  
u  IsolaIon	  more	  difficult	  with	  extra	  energy	  
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2012	   2015	  	  	  	  
(hope)	  

LHC	  
Design	  

√s	  energy	   8	  TeV	   13	  TeV	   14	  TeV	  

Peak	  
luminosity	  

7E33	  
cm-‐2s-‐1	  

1E34	  	  
cm-‐2s-‐1	  

1E34	  
cm-‐2s-‐1	  

<PU>	   21**	   ~25	   ~25	  

Bunches	   1380	   2808	   2808	  

Bunch	  
spacing	  

50	  ns	   25	  ns	   25	  ns	  



PreparaIons	  for	  2015:	  Signals	  
u  Beyond	  maintaining	  trigger	  performance	  from	  8	  TeV,	  we	  must	  consider	  more	  

challenging	  signals	  that	  we	  might	  miss	  
u  SUSY	  did	  not	  show	  itself	  in	  the	  “easy”	  channels	  at	  8	  TeV,	  and	  may	  not	  at	  13	  TeV	  either	  
u  May	  need	  to	  push	  toward	  

	  remote	  corners	  of	  SUSY	  space	  
u  Compressed	  spectra	  

u  Lower	  MET/jet	  pT	  

u  Even	  completely	  missed	  	  
	  decay	  products:	  Monojet+X	  etc.	  

	  
	  
	  

u  Long,	  complicated	  decay	  chains	  	  
u  Rarer	  processes	  such	  as	  stau	  producIon	  
u  Low	  MET	  as	  in	  R-‐parity	  violaIng	  or	  	  

	  stealth	  scenarios	  
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Further	  future	  
u  LHC	  upgrade	  schedule:	  

u  Physics	  reach:	  
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Run	  1	  
25	  �-‐1	  
√s	  =	  7/8	  TeV	  
L	  ~6E33	  cm-‐2s-‐1	  	  
<PU>	  =	  21	  

Run	  2	  
~75-‐100	  �-‐1	  
√s	  =	  13/14	  TeV	  	  
L	  ~1E34	  cm-‐2s-‐1	  
<PU>	  =	  25	  	  

~350	  �-‐1	  
√s	  =	  14	  TeV	  
L	  ~2E34	  cm-‐2s-‐1	  
<PU>	  =	  50	  
	  	  

~3000	  �-‐1	  
√s	  =	  14	  TeV	  	  
L	  ~5E34	  cm-‐2s-‐1	  
<PU>	  =	  128	  	  

LS1	   LS2	   LS3	  

To	  design	  	  
energy/	  
luminosity	  

To	  2x	  design	  
luminosity	  

HL-‐LHC	  

CMS	  Snowmass	  	  white	  paper	  1307.7135	  

“Phase	  1”	   “Phase	  2”	  

Higgs	  discovery!	  

Higgs	  potenIal:	  observe	  ggàHH	  Natural	  SUSY	  
Gluino	  discovery	  up	  to	  ~2	  TeV	  	  
Stop	  discovery	  up	  to	  ~1	  TeV	  
Higgsino	  discovery	  up	  to	  ~500	  GeV	  

Z’àll	  discovery	  reach	  ~6	  TeV	  

EWSB:	  observe	  WW	  scaYering	  

Higgs	  coupling	  to	  W,Z	  ~5%	  

Higgs	  coupling	  to	  t,b,τ	  ~5%	  Observe	  Bsàμμ!	  



Upgrade	  overview	  
u  CMS	  and	  ATLAS	  must	  be	  upgraded	  for	  HL-‐LHC	  
u  Must	  address:	  radiaIon	  levels,	  detector	  occupancy,	  event	  rates,	  pileup	  
u  Goal:	  Maintain/extend	  detector	  performance	  at	  higher-‐than-‐design	  

luminosity	  
u  Intense	  radiaIon	  exposure	  makes	  replacement	  of	  detectors	  near	  the	  

beamline	  essenIal	  for	  even	  minimal	  physics	  performance	  
u  Completely	  replace	  inner	  tracker	  
u  Replace	  calorimeter	  readout	  electronics	  

u  High	  rate	  and	  pileup	  present	  unique	  challenges	  for	  the	  trigger	  
u  Ex.	  single	  lepton	  triggers	  required	  for	  W	  and	  Z	  physics	  threatened	  

already	  at	  hardware	  trigger	  level	  (L1)	  
u  SoluIon	  requires	  tracking	  à	  a	  real	  challenge	  involving	  the	  tracker	  

upgrade	  and	  fast	  tracking	  algorithms	  implemented	  in	  the	  hardware	  
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Conclusions	  and	  outlook	  
u  The	  LHC	  is	  a	  discovery	  machine	  and	  2015	  brings	  the	  (near)	  ulImate	  energy	  

reach	  	  
u  If	  a	  fantasIc	  discovery	  

u  SUSY	  search	  program	  set	  up	  to	  discover	  and	  cross	  check	  with	  
complementary	  approaches	  

u  Great	  challenge	  to	  characterize	  the	  new	  physics	  
u  Will	  paint	  complete	  picture	  through	  many	  varied	  search	  channels	  

u  If	  natural	  SUSY	  ruled	  out	  
u  SUSY	  search	  program	  needs	  rethinking	  
u  Dark	  maYer	  sIll	  moIvates	  MET	  +	  X	  searches	  
u  BSM	  may	  prove	  more	  elusive	  to	  tease	  from	  high	  luminosity	  
datasets	  

u  Above	  all,	  I	  aim	  to	  	  
u  Remain	  flexible	  in	  my	  approach	  and	  to	  take	  advantage	  of	  

opportuniIes	  that	  arise	  
u  Enjoy	  the	  ride!	  
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CMS	  
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Rediscovery	  of	  the	  Standard	  Model	  
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Interlude	  on	  Bs	  à	  μ+μ−	  

u  Bàμμ	  branching	  fracIon	  a	  great	  place	  
to	  search	  indirectly	  for	  NP	  
u  Very	  heavily	  suppressed	  in	  SM:	  

FCNC,	  helicity	  suppression	  
u  Well	  controlled	  theoreIcally	  
u  NP	  effects	  potenIally	  very	  large	  

compared	  to	  SM	  
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SM	  predicIon:	  
A.	  Buras	  1012.1447	  	  
A.	  Buras	  1303.3820	  

BR(Bs
0 ! µ"+µ" ) = (3.56± 0.18)#10"9

BR(B0 ! µ"+µ" ) = (1.07± 0.10)#10"10
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Search	  for	  Bs	  à	  μ+μ−	  

u  Isolated	  dimuon	  signature	  with	  B	  
mass	  

u  Stringent	  vertex	  constraint	  displaced	  
from	  and	  poinIng	  to	  primary	  vertex	  

u  Very	  pure	  muon	  candidate	  selecIon	  
u  UIlizes:	  low	  pT	  muon	  triggering,	  

outstanding	  muon	  momentum	  
resoluIon,	  strong	  muon	  ID,	  huge	  B	  
meson	  sample	  

4/1/14	   Keith	  Ulmer	  -‐	  University	  of	  Colorado	   45	  
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Bs	  à	  μ+μ−	  results	  

u  Train	  mulIvariate	  discriminators	  to	  	  
u  Select	  ultra	  pure	  muon	  candidates	  
u  Select	  signal-‐like	  dimuon	  events	  

u  Fit	  dimuon	  mass	  for	  signal	  
u  Normalized	  to	  B+àJ/ΨK+	  yield	  

u  Observed	  significance	  of	  4.3σ	  (4.8σ	  
expected)	  
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First	  observaIon	  when	  combined	  with	  
4.0	  σ	  result	  from	  LHCb	  

arXiv:	  1307.5024,	  1307.5025	  



Bàμ+μ−	  history	  
u  df	  
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“Supersymmetry”	  searches	  
u  Really	  means	  searches	  for	  a	  broad	  class	  of	  new	  physics	  signatures	  

u  MoIvated	  by	  SUSY,	  but	  could	  easily	  find	  something	  else	  
u  Pair	  produce	  something	  new	  and	  have	  it	  decay	  to	  SM	  parIcles	  plus	  
a	  dark	  maYer	  candidate	  

u  Even	  the	  dedicated	  search	  is	  for	  a	  specific	  topology,	  not	  a	  specific	  
model	  

u  Dark	  maYer	  moIvates	  this	  sort	  of	  search,	  too,	  even	  independent	  of	  
supersymmetry	  

u  Keep	  our	  minds	  open	  to	  make	  sure	  we	  don’t	  miss	  anything	  
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The	  CMS	  SUSY	  group	  
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Keith	  Ulmer,	  Frank	  Wuerthwein	  

Gluino,	  with	  3rd	  gen	  
Seema	  Sharma	  
Markus	  Stoye	  
	  
Razor	  inclusive	  
Inclusive	  αT	  	  
3L	  +	  b	  +	  MET	  
MulI-‐jet	  +	  MHT	  
SS	  dilepton	  +	  b	  
OS	  dilepton	  +	  b	  
1L	  +	  mulI-‐b	  low	  MET	  
MT2	  inclusive	  
MET	  +	  HT	  +	  b	  
1L	  gluino	  inclusive	  
	  
+1	  in	  progress	  

Stop,	  sboJom,	  stau	  
Josh	  Thompson	  
Filip	  Moortgat	  
	  
1L	  stop	  
Hadronic	  stop	  
stop	  à	  charm,	  LSP	  
stop2	  à	  Higgs,stop1	  
	  
+5	  in	  progress	  

Leptonic	  
Petar	  Maksimovic	  
Wolfgang	  Adam	  
	  
EW	  with	  leptons	  
Inclusive	  mulI-‐lep	  
RPV	  with	  3	  lep	  +	  b	  	  
RPV	  with	  4	  leptons	  
EWino	  with	  Higgs	  
RPV	  stop	  3L	  +	  b	  
	  
+4	  in	  progress	  

Photon	  
Yuri	  Gerstein	  
Yurii	  Maravin	  
	  
Inclusive	  ϒ+MET	  
Stop	  à	  H(gg)	  +	  X	  	  
	  
+4	  in	  progress	  

MC/Trigger	  
Frank	  Golf	  
Pablo	  MarInez	  
	  
Coordinate	  cross	  
Group	  Monte	  Carlo	  
and	  Trigger	  issues	  
	  
+1	  in	  progress	  

Future	  studies	  
Kenichi	  Hatakayama	  
Isabell	  	  
	  	  	  	  	  Melzer-‐Pellmann	  
	  
Coordinate	  studies	  
for	  upgrades	  and	  
future	  performance	  

Public	  8	  TeV	  results	  listed.	  19	  more	  papers	  from	  7	  TeV	  2011	  data.	  


